Tea is one of the most consumed beverages in the world and its quality is influenced by geographical origin and production methods. This study focuses on the volatile aroma components of 38 tea products from China, Japan, Indonesia, Sri-Lanka, and Chinese Taipei; among them 7 green teas, 13 oolong teas, and 18 black teas. The volatiles were extracted from the infusions using PorapakQ-resin, concentrated, and analyzed by gas chromatography-mass spectrometry. The components were identified by authentic reference compounds or preliminary based on their mass spectra. Different manufacturing processes yield different blends of aroma compounds. In general, the contents of total volatiles, aliphatics, aromatics, and terpenoids increased with the fermentation degree, whereas jasmine lactone and indole were the highest in oolong teas. Some particular manufacturing processes, for example, the use of tea leaves infested by the tea green leafhopper, lead to higher contents of volatiles in final products as in Oriental Beauty oolong tea. The relative peak areas determined for 82 volatiles were the basis for the statistical analysis and highlight the potential of multivariate analysis to distinguish tea samples of different categories.
Introduction
Tea (Camellia sinensis) is a plant commercially grown for beverage production. Until now, more than 300 different kinds of tea are produced from the leaves of C. sinensis by different fermentation processes. Commonly teas are classified based on the manufacturing process and can be divided up into six major families, including non-fermented green tea, slightly fermented white tea, semi-fermented oolong tea, fully fermented black tea, post fermented yellow tea, and dark (red) tea (Figure 1) . White tea, yellow tea, and dark tea are characteristic Chinese teas and particularly popular in China, whereas green tea, oolong tea, and black tea are well-known all around the world and in particular focus of this study. From a viewpoint of tea quality evaluation, tea aroma is one of the main sensory properties which are decisive in selection, acceptance and ingestion of final tea products. Formation of tea aroma is influenced by different manufacturing processes. For example, the particular manufacturing process of oolong tea gives a unique floral, fruity, and jasmine-like aroma [1] [2] . The aroma compounds of tea such as green tea, oolong tea and black tea have been individually investigated by gas chromatography-mass spectrometry (GC-MS) or GC-olfactometry (GC-O) [3] - [7] . In addition various approaches were employed for the discrimination of teas from different geographical origins such as high performance liquid chromatography [8] , capillary electrophoresis [9] or electronic nose [10] .
In our study, we collected more than 38 kinds of tea products including green teas, oolong teas, and black teas from different production areas, investigated their volatile compounds to study the different manufacturing processes on the tea aroma profiles as well as relationships between particular processes and tea aroma compounds. We aimed to develop a fast method to determine the origin based on profiling of volatiles by GC-MS and statistical analysis.
Experimental

Tea Samples
In total 38 tea products of high grade were obtained from tea exporters or research centers from China, Japan, Indonesia, Sri-Lanka, and Chinese Taipei; among them 7 green teas, 13 oolong teas, and 18 black teas. Supplementary Table S1 summarizes names, origin, and other characteristics of tea samples investigated in this study.
Analysis of Tea Volatile Compounds by GC-MS
Deionized hot water (40 mL, 80˚C) was added to 2 g of the tea product. After 5 min the leaves were removed by nylon filter and small residues by centrifugation at 3000 g for 10 min. 25 mL of the supernatant were passed through a 2 mL PorapakQ-cartridge, conditioned with diethyl ether (5 × 4 mL), methanol (4 mL), and water (4 mL). The cartridge was washed with 3 mL of deionized water prior elution of the volatile compounds with 3 mL Figure 1 . Simplified production processes of various kinds of tea products. iso-pentane: diethyl ether (1:1, v/v). For relative quantification ethyl decanoate (54.1 pmol) was added as an internal standard and the organic layer dried over anhydrous sodium sulfate. The eluate was concentrated to 100 µL in a stream of nitrogen. One µL concentrate was subjected to GC-MS analysis for identification and relative quantification of the volatiles. Splitless injection mode was used with a splitless time of 1 min and an injector temperature of 230˚C. Helium was the carrier gas with a velocity of 1.7 mL·min −1 . The GC was equipped with a capillary SUPELCOWAX TM 10 column (30 m × 0.25 mm i.d. and 0.25 μm film thickness). The GC oven was maintained at 50˚C for 3 min and then heated at a rate of 3˚C·min −1 to 150˚C followed by a heating rate of 20˚C min −1 to 240˚C and kept at this temperature for 20 min. The mass scan range was m/z 50 -300 and the electric potential was set to EI 70 eV.
Statistical Analysis
Peak areas of volatiles detected between 4.5 and 58 min were extracted from the mass chromatograms and relative concentrations calculated using the internal standard ethyl decanoate. Clustering analysis by STATISTICA (StatSoft, Inc. (2013) . data analysis software system, version 12. www.statsoft.com ) was employed for the visualization of the datasets. In this work, 82 volatiles in 38 teas were taken into account. Components identified solely in one tea were excluded from the statistical analysis.
Results and Discussion
Compositions of tea products have been investigated by many researchers. Phenolic constituents, organic acids, caffeine, and volatiles are key chemical components defining taste and flavor.
Flavor as a key parameter for tea quality is greatly influenced by brewing temperature, brewing time, extraction methods, and many other factors.
In this study we compared the volatile profiles of green teas, oolong teas, and black teas using equal extraction conditions for all samples. Therefore, our results represent differences mainly caused by manufacturing processes ( Figure 1 ) and variation of raw materials including the geographic origin.
Based on the observations on volatile compounds of 38 tea samples (Table S1 ) including green teas (nonfermented), oolong teas (semi-fermented), and black teas (fully fermented), the contents of total volatiles, aliphatics, aromatics, and terpenoids increased with the fermentation degree (Figure 2(a) & Figure 2(b) ).
Clustering analysis was performed to discriminate between tea samples of different categories. As a result of the statistical analysis we could obtain clusters of the different tea categories and distinguish samples according to the origin (Figure 3) .
In general, the aroma profiles of black teas and oolong teas are more complex than the ones of green teas. In green tea fewer volatiles can be found and among the 200 volatiles about 30 compounds essentially contribute to the typical green tea aroma [5] [6] . Besides short chained alcohols and aldehydes, geraniol, linalool, 2-phenylethanol, benzyl alcohol, indole, and coumarin lead to green tea aroma. In black tea infusions about 600 constituents have been identified and 41 compounds importantly contribute to the aroma of black tea infusions [11] . Table  S1 ).
Several of these important aroma compounds have been found in all kinds of black tea, among them Z-3-hexen-1-ol, linalool and its oxides, geraniol, and 2-phenylethanol contributing to the green, citrus-like, rose-like and honey-like notes, respectively. Linalool and its oxides, benzylalcohol, and 2-phenylethanol were detected as volatiles in all oolong teas. Although contents of most volatiles in black teas are higher than oolong teas and green teas, jasmine lactone and indole were the highest in oolong teas. Both volatiles possess jasmine-like floral and fruity fragrances and importantly contribute to oolong tea aroma [12] . This result is identical with previous reports [13] . Methyl salicylate, previously described as characteristic aroma component of oolong tea, has been only found in some teas of Chinese Taipei (Table S1 No. 7, 8, and 10) or Japanese (Table S1 12 and 13) origin [14] . Many aroma compounds occur as glycosidic precursors in fresh tea leaves [15] , and they are hydrolyzed by endogenous glycosidases during the manufacturing processes of withering, rolling, and fermentation [1] [2] [16] . During the production of green teas, plucked fresh tea leaves are steamed or pan-fired to inactivate activity of enzymes including glycosidases related to hydrolysis of glycosidically bound volatiles. In contrast, endogenous enzymatic reactions occur in the several processes of oolong teas and black teas, which results in the accumulation of aroma compounds such as aliphatics, aromatics, and terpenoids in final products (Figure 2(b) ). During the rolling process of black tea, the structure of the leaf cells is disrupted and the contents of the cells are completely mixed, so the hydrolysis of glycosidically bound aroma precursors plays a major role in the formation of black tea aroma [1] . In contrast, in the processes of oolong teas, one or more biosynthetic pathways, such as the formation of jasmine lactone and indole, might take priority over the hydrolysis of glycosidically bound aroma precursors, although the mechanism for the formation of the two volatiles has not yet been clarified [2] . In the sensory evaluation, oolong teas are generally considered to possess more pleasant flavor than black teas, although these contain higher contents of tea volatiles. This suggests that some characteristic aroma compounds are produced during the manufacturing process of oolong tea. Alive time of tea leaves in the process of oolong tea is much longer time than that in the process of black tea [17] . Therefore, tea leaves during oolong tea manufacturing process are exposed longer to various stresses including plucking (wounding), solar withering (drought, heat, and UV radiation), indoor withering (drought), and turn over (wounding) [18] . In addition, biotic stress such as insect infestation is involved in the oolong tea manufacturing. A typical example is a famous Formosa oolong tea (Oriental Beauty) that has a unique aroma like ripe fruits and honey. It contains the highest content of total volatiles among the oolong teas (Figure 2(a) ). This may be due to the formation of unique volatiles in tea leaves under insect attack [18] . In the Oriental Beauty manufacturing process, one of the most characteristic factors is the use of tea leaves infested by the tea green leafhopper. It has been reported that formations of many volatiles in tea leaves can be induced by insect attack [19] [20] . Taken together, the aroma formation in tea leaves during the manufacturing process may be the result of defense responses of tea leaves against various stresses. Hence, more detailed molecular studies on stress-induced volatile formation during the tea manufacturing process will provide an important basis for improvement of flavor quality of other teas.
Conclusion
In this study, a comprehensive comparison of aroma profiles of green teas, oolong teas, and black teas collected from different production areas was performed. Fermentation intensity influences the quantity of most tea volatiles during the manufacturing process. Besides fermentation, some particular stress-related manufacturing processes, for example during the production of oolong tea, result in the formation of some characteristic tea volatiles such as jasmine lactone or indole. These results will contribute to our further understanding of the effects of different manufacturing processes on tea aroma profile, and provide essential information for further development of aroma-enriched tea products. Moreover, this study could form the basis for authenticity studies of tea products. TEA 21 TEA 22 TEA 23 TEA 24 TEA 25 TEA 26 TEA 27 TEA 28 TEA 29 TEA 30 TEA 31 TEA 32 TEA 33 TEA 34 TEA 35 TEA 36 TEA 37 TEA Other selected journals from SCIRP are listed as below. Submit your manuscript to us via either submit@scirp.org or Online Submission Portal.
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